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The utilization of biomass in fluidized bed reactors is due to alternatives created by the carbon credit market and to 
environmental concerns. This fact calls for an accurate determination of physical-chemical properties and hydrody¬ 
namic studies on biomass-inert binary mixtures. In bubbling fluidized bed combustion processes, the inert material 
mass is approximately 95% of the total mass of the bed material, and an effective mixture between biomass and inert 
particles is desired to improve the efficiency of the process. In this study, binary mixtures, composed of biomass and 
sand as an inert material, were used. Thermal and physical-chemical properties of five biomass samples (sugarcane 
bagasse, pine sawdust, coffee husk, Tucuma seed, and rice husk) were experimentally evaluated. The morphology of 
the samples was determined by SEM, and the thermal properties were found by thermogravimetric analysis (TG) 
and differential thermal analysis (DTA). The hydrodynamic study was carried out in a fluidized bed at room temper¬ 
ature and local atmospheric pressure, in which the minimum fluidization velocity and voidage of the biomass-inert 
binary mixture were evaluated. The arrangement of the physical-chemical characteristics of biomass and the hydro¬ 
dynamics of the binary mixture are equally important for predictions of the biomass behavior in fluidized bed 
combustors. 

© 2014 Elsevier B.V. All rights reserved. 


1. Introduction 

The increasing demand for energy has claimed for improvements in 
energy generation processes. The carbon credit market has created good 
opportunities for the use of biomass in fluidized bed reactors in industri¬ 
al processes for combustion, gasification, and pyrolysis. Fluidized bed 
reactors are characterized by high conversion efficiencies and low emis¬ 
sions of atmospheric pollutants. The use of biomass in fluidized bed re¬ 
actors is still restricted due to the lack of knowledge regarding biomass 
particle properties and their hydrodynamic behavior. Such information 
is important for predicting the behavior of these biomasses when they 
are applied to fluidized bed reactors and contributes to enhance the in¬ 
dustrial equipment performance. 

The high consumption of coal worldwide and the consequent envi¬ 
ronmental pollution problems have required the generation of a clean 
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energy [1], Many studies have been conducted on energy generation 
from biomass for environmental reasons, and fluidization is considered 
the most promising technology to be applied due to its good perfor¬ 
mance parameters, such as excellent fluid mixing, high heat and mass 
transfer rates, as well as temperature uniformity. Moreover, fluidization 
can operate at various regimes, depending on parameters, such as tem¬ 
perature, pressure, gas velocity, particle diameter, riser diameter, and 
gas/particles properties. 

Several studies have focused on biomass particles characterization, 
whose knowledge is important for the improvement of the performance 
of such materials in thermal processes [2-7], Within this purpose, ther¬ 
mal analysis techniques - thermogravimetry (TG/DTG) and differential 
thermal analysis (DTA) - have been used for the appraisal of the ther¬ 
mal behavior of the biomass providing useful information about the 
thermal degradation of lignocellulosic contents [8-12], 

On the other hand, very few attempts have focused on the influence 
of physical-chemical properties of biomass materials on fluidized bed 
performance, probably due to the lack of sufficient data on those prop¬ 
erties. Regarding binary mixtures involving biomass and sand particles, 
an effective mixture inside the bed must be achieved for a better 
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performance of the reactor [13], However, more experimental studies 
on the hydrodynamic behavior of fluidized beds containing binary mix¬ 
tures of biomass and sand particles are still required, although plenty of 
research has been carried out over the past four decades [14-17], 

These studies have shown that the values provided by equations of 
the minimum fluidizing velocity (U m f) for binary mixtures with biomass 
particles are far from the experimental ones due to the segregation phe¬ 
nomena, irregular shapes of biomass and the formation of preferential 
channels inside the bed. Despite all efforts devoted, the combination be¬ 
tween hydrodynamic studies of biomass-sand mixtures in fluidized 
beds and studies on physical-chemical properties of biomass still have 
not been analyzed. 

In this context this paper investigates five biomass samples (sugar 
cane bagasse, pine sawdust, coffee husk, Tucuma seed and rice husk) 
based on the thermal and physical-chemical properties and hydrody¬ 
namic behavior of biomass-sand binary mixtures. The fluidization pro¬ 
cess of the binary mixture in the fluidized bed is conducted by using air 
at room temperature and local atmospheric pressure. The arrangement 
of the physical-chemical properties of biomass and hydrodynamic be¬ 
havior enables the prediction of the fluidized bed combustors when 
the biomass is used. Such attempts are expected to lead to a better uti¬ 
lization of the biomass samples in thermal processes. 


2. Materials and methods 

2.1. Solid particles 

The five biomass samples studied were collected from different re¬ 
gions in Brazil: sugarcane bagasse, pine sawdust, and coffee husk from 
Sao Paulo State, Tucuma seed from Amazonas State and rice husk 
from Maranhao State. All biomass particles were ground by either a 
hammer mill or a sheer to obtain particle sizes smaller than 2800 pm, 
except for rice husk. This preparation followed the ASTM Standards 
(El 757-01). 

Sand particles whose size ranged between 150 pm and 1000 pm 
were selected for hydrodynamic experiments and subjected to both 
particle and bulk density experimental analyses. However, smaller par¬ 
ticles were required for porosimetry and thermal analyses. In those 
cases, particles of 460 pm were used, but previously washed, dried at 
80 °C for 18 h, grounded, and then sieved. The average size of 460 pm 


was obtained by the arithmetic mean of two consecutive ASTM labora¬ 
tory sieves whose mesh apertures ranged between 420 and 500 pm. Pic¬ 
tures of the biomass samples after the preparation are shown in Fig. 1. 

22. Physical-chemical analyses 

Ultimate analysis, higher heating value (HHV) and porosity tests 
were carried out to characterize the biomass samples. The ultimate 
analysis of the samples was conducted with a CE Instruments 
analyzer - model EA1110-CHNS-O. HHV was determined on a bomb 
calorimeter (IKA C200) according to the ASTM D-2015 standard test 
method and using samples weighing (1.0 ± 0.1)g in three replicate 
experiments. 

The samples were dried in an oven for approximately 24-120 h 
under a temperature of 110 °C prior to the porosimetry tests conducted 
in a Micromeritics porosimeter (ASAP-2020). Samples of (1.0 ± 0.3)g 
were used in all experiments. Under the Degas conditions, the samples 
were heated at a 10 °C min -1 up to 70 °C rate and subjected to an evac¬ 
uation rate of 10 mmHgs -1 to 10 pmHg, remaining under these condi¬ 
tions for 240 min. Under the analysis conditions, the samples were 
immersed in liquid nitrogen and maintained in isothermal conditions 
at —196 °C during all experiments. The porosimetry analysis was 
performed under vacuum at an evacuation rate of 5 mmHgs -1 to 
10 pmHg, remaining under these conditions for 6 min. Then, a P/P 0 pro¬ 
gramming for 42 points was applied (27 points for adsorption and 15 
points for desorption). P/P 0 is the ratio between the applied pressure 
(P) and the saturation vapor pressure of the adsorbed gas (Po), i.e., 
nitrogen. 

The morphological structures of the biomass samples were analyzed 
by Scanning Electron Microscope (SEM) in a LEO Electron Microscopy 
440 (ZEIZ/LAIKA). 

2.3. Thermal analyses 

The thermal properties of the samples were determined by both 
thermogravimetric analysis (TGA) and differential thermal analysis 
(DTA). The TG technique determines the changes in the sample mass 
as the temperature increases and DTA determines the enthalpic transi¬ 
tions by means of endothermic and exothermic peaks [18], The experi¬ 
ments were performed in a thermogravimetric balance and in a 



Fig. 1. Samples of the five biomasses studied: (a) sugarcane bagasse; (b) pine sawdust; (c) coffee husk; (d) Tucuma seed and (e) rice husk. 
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differential thermal analyzer under the following conditions: sample 
mass of (10 =t 0.3)mg placed inside an alumina crucible and heating 
rate of 10 °C min -1 (from room temperature up to 700 °C) under syn¬ 
thetic air atmosphere at flow rate of 100 mL min -1 . The thermogravimet- 
ric equipment was calibrated previously and experiments were run twice 
to verify repeatability. Average particle sizes of545 pm were used for the 
TG and DTA analyses. 

2.4. Physical properties 

The volume-surface average particle diameter, or Sauter mean diam¬ 
eter (d p ). for the inert material (sand) and for each biomass was deter¬ 
mined by sieving analysis using standard mesh sizes according to the 
American Society of Testing Materials (ASTM). 

The mean volume-surface particle diameter, calculated by Eq. (1), 
was used as it is based on the specific surface area per unit volume of 
the particles, which is more recommended to fluidized bed systems, 


The particle diameter and the solid density of the binary mixture 
were obtained by Eqs. (3) [14] and (4) [5], 



Pp,mix = *bP P ,B + (1 -*b)P P ,S (4) 

where subscripts mix, B and S refer to binary mixture, biomass and sand 
particles, respectively. 

The biomass mass fraction (x B ) was defined by Eq. (5), from biomass 
and sand weights inside the bed (M B and M s ). 



'EM*- 


( 1 ) 


The particle densities (p p ) were measured by liquid picnometry 
using n-heptane as displacement fluid and the bulk density for each ma¬ 
terial (pbuik) was obtained from mass and volume measurements of the 
loosely packed bed contained in a vessel of 0.2 m diameter and 0.2 m 
height in order to reduce wall effects. The bulk voidage under the min¬ 
imum fluidization condition (e m f) was estimated from Eq. (2), assuming 
that Emf is very close to the voidage of the loosely packed bed for group B 
particles according to Geldart classification [19], 

e mf -i- p r- p) 

Pp 


2.5. Hydrodynamic study of biomass-sand binary mixtures 

This study involves the determination of a minimum fluidization ve¬ 
locity of the biomass-sand binary mixtures composed of 95% of sand 
(weight fraction) and 5% of biomass. The experiment was also conduct¬ 
ed using only sand particles as the bed material in order to obtain the 
minimum fluidization velocity of the inert material. 

The tests were carried out in a laboratory scale fluidized bed system 
schematically shown in Fig. 2. The riser (0.1 m internal diameter, 2.5 m 
height) was built by sections of glass (borosilicate), acrylic and steel, en¬ 
abling the visualization of the operational regime. A perforated plate 
(0.001 m orifice diameter, 0.008 m pitch, 1.3% open area) was used as 
a gas distributor and the height of the loosely packed bed was fixed at 
0.10 m. The air flow at room temperature was provided by a blower 
(36 kPa maximum pressure and 0.1 m 3 s -1 maximum air flow). An or¬ 
ifice plate, built under the specifications of ASME MFC-14M-2003, and a 



Fig. 2. Experimental system: (a) schematic and (b) ir 
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differential pressure transducer enabled the determination of the air 
flow rate. A Lapple cyclone collected the entrained particles in the solids 
reservoir. 

The bed pressure drop was measured in the plenum by a differential 
capacitive pressure sensor (SMAR model LD301, ranging from 0 to 
50 kPa, with 4-to-20 mA DC loop current). The uncertainty of the pres¬ 
sure measurements of approximately 1 Pa was obtained by calibration 
using a U-type manometer and a multimeter, both previously calibrated 
and certified. Additionally, a slender material filter was used to avoid 
the pressure probe obstruction. 

The minimum fluidization velocity was experimentally obtained by 
pressure drop measurements through the bed ( AP bed ) as a function of 
superficial gas velocity (li). 

At the beginning of each test, the bed was filled with the previously 
mixed binary mixture and the air flow rate was increased from zero up 
to the bubbling fluidized bed regime. The air flow rate was then reduced 
to zero. The bed pressure drop (AP bed ) was measured at each successive 
flow rate reduction. 

For each biomass-sand mixture, five experiments were conducted 
to obtain the hydrodynamic curve and then the U m f of the binary 
mixture. 

Due to the onset of preferential channels, or plug flow behavior, hy¬ 
drodynamic tests using only biomass particles as the bed material could 
not be conducted. The theoretical prediction of the biomass minimum 
fluidized velocity (Umf) was based on Ergun's equation, as recommend¬ 
ed by Rowe [20] for pressures up to 100 bar. Eq. (6) shows this expres¬ 
sion in terms of operating variables. 

-,J. (6) 

The Archimedes number (Ar) is given by Eq. (7), 



where p and p are the dynamic viscosity and density of the air, respec¬ 
tively, and g is the gravitational acceleration. 

Regarding the biomass binary mixture (B) and sand (S), Eq. (8) [16] 
can be used to estimate the minimum fluidized velocity of the mixture 
(U m f,mix) based on the mass fraction of the biomass in the bed. 

U m f, mlx =x B U m/B + (l-x B ).U m/|S . (8) 


3. Results and discussion 

This section describes the results of two strands. The first is related to 
the physical-chemical and thermal evaluations of the biomass, while 
the second refers to the hydrodynamic studies performed in a fluidized 
bed under room temperature and local atmospheric pressure. 


Table 1 

Ultimate analyses and higher heating values (HHV). 

Biomass Ultimate Analysis HHV (dry basis) 

(wt.% on a diy, ash-free basis) (Ml/kg) 

C H N S 0 

Sugarcane bagasse 45.05 4.86 0.25 nd 38.54 17.47 ± 0.10 

Pine sawdust 46.60 5.37 0.40 nd 39.23 18.32 ± 0.18 

Coffee husk 43.13 5.02 1.55 0.67 33.13 16.79 ± 0.07 

Tucuma seed 48.83 6.12 0.88 nd 33.57 20.78 ± 0.07 

Rice husk 39.11 4.12 0.31 059 37.57 15.39 ± 0.11 


3.1. Physical-chemical and thermal analyses 

The results of the ultimate analyses and the high heating value 
(HHV) are provided in Table 1. 

The Tucuma seed exhibited the highest C and H content, hence the 
highest HHV. Rice husk exhibited the lowest HHV followed by coffee 
husk. Comparing the results in Table 1, the HHV values are directly pro¬ 
portional to the C and H content of the biomass. 

Table 1 also shows that coffee and rice husks have 0.67% and 0.59% 
sulfur content, respectively. As expected, the sulfur content in the bio¬ 
mass is lower than 0.2% [20], which indicates these materials should 
be treated with great caution, due to the emission of pollutant gas 
(SO x ) and corrosion problems of the equipment. 

Among the biomass samples in this study, only the N content of cof¬ 
fee husk is higher than 1%, therefore its contribution to NO x emission 
from combustion processes will be higher than the contribution of the 
others. This is an important issue to be considered because the NO x for¬ 
mation depends on both fuel and thermal conditions. Thermal NO x has a 
significance at temperatures above 1540 °C [21-23]. In fluidized beds, 
the combustion occurs at temperatures between 850 °C and 950 °C 
and, consequently, the thermal NO x production is not significant in 
these combustion processes. However, Qian et al. [24] reported results 
of high nitrogen content biomass emissions in a pilot-scale vortexing 
fluidized bed combustor and concluded that there is no obvious relation 
between NO emission and fuel-N content. They speculated that the 
chemical structure of the fuel may be an important factor that should 
also be evaluated. 

The porosity effect was described as an important parameter that af¬ 
fects the conversion progress of the particle [25], The surface area was 
obtained from the polynomial form of BET equation (Brunauer, Emmett 
and Teller). The BJH method (Barrett, Joyner and Halenda) was applied 
to determine the average pore diameter and the cumulative volume of 
pores. 

Fig. 3 shows the nitrogen adsorption/desorption isotherms for the 
five biomass samples and Table 2 provides the average values of BET 
surface area (S B et). BJH desorption average pore diameter (D B j H . Des). 
BJH desorption cumulative volume of pores (V B j H . Des). and values of 
the maximum quantity of adsorbed gas (Qa). As the standard deviations 
provide low values, porosimetry experiments are supposed to have 
good reproducibility. 

Type IV shape of the isotherm for rice husk and Tucuma seed indi¬ 
cates that these materials are mesoporous solids [26], and the presence 
of hysteresis confirms the difference in the absorption and desorption 
mechanisms of nitrogen for all samples. For the coffee husk, Pinus saw¬ 
dust and sugar cane bagasse, there is no hysteresis, which indicates they 
are very low porous materials. As shown in Fig. 3 and Table 2 rice husk 
adsorbed the highest amount of nitrogen (Qa) representing a total vol¬ 
ume of (3.99 ± 0.36)cm 3 g -1 . On the other hand, coffee husk adsorbed 
the lowest volume of nitrogen (0.93 ± 0.03) cm 3 g _1 . All such values 
are very low and characterize low-porosity materials. 

The surface area of the biomass samples ranges between 0.26 and 
0.69 m 2 g _1 and the average pore diameter between (87.6 ± 20.6 )pm 
and (228.9 ± 3.4)pm. These results show the very low porous structure 
of the biomass particles. Among the biomass samples studied, rice husk 
has shown the highest S BET value and also the highest porosity level, as 
evidenced by the D BJH . Des and V B j H . Des values. However, coffee husk 
has shown the lowest S BCT value, but a high pore diameter (D B j H ). The 
results have confirmed the non-microporous nature of the biomass 
samples, whose surface area and pore volumes may be attributed to 
mesopores and macropores. Fig. 4 shows the distribution of pore sizes 
for all biomass samples. Except for rice husk, which has macropores 
(pores or slits of diameters larger than 500 A), the other biomasses 
have only mesopores (between 2 A and 500 A) [27], 

The literature still lacks results which shows the pore size character¬ 
istics and the behavior of isotherms adsorption/desorption for different 
biomasses. These materials have different characteristics, therefore a 
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Fig. 3. Nitrogen adsorption and desorption isotherms of biomass materials. 


Table 2 

Porosity characteristic of the biomass samples determined by nitrogen gas adsorption. 


Biomass 

Drying 

(h) 

(mg) 

Sect 

(m 2 g ’) 

D B jH ■ Ds 
(4 V/A) 

(pm) 

Vbjh.ds 

xlO 3 

(pm) 

Qa 

(cm 3 g-’ SPT) 

Sugarcane bagasse 

24 

1.47 ± 0.04 

0.63 ± 0.01 

146.4 ± 27.1 

2.10 ± 0.48 

1.43 ± 0.32 

Pine sawdust 

24 

1.94 ± 0.01 

0.47 ± 0.08 

164.4 ± 2.1 

1.69 ± 0.48 

1.16 ± 0.32 


48 

2.01 ± 0.01 

0.26 ± 0.02 

201.0 ± 12.6 

1.40 ± 0.03 

0.93 ± 0.03 

Tucuma seed 

120 

1.46 ± 0.01 

0.41 ± 0.03 

87.6 ± 20.6 

1.94 ± 0.24 

1.60 ± 0.28 

Rice husk 

24 

1.25 ± 0.29 

0.69 ± 0.00 

228.9 ± 3.4 

6.10 ± 0.58 

3.99 ± 0.36 
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specific methodology must be developed for each biomass involving 
sample mass and the drying time required. As shown in Table 2, the 
mass ranged from 1.25 to 2.01 mg and the drying time from 24 to 
120 h. depending on the biomass, i.e„ for each biomass there is a specific 
condition, which provides a more reliable result 

Distinguishable morphological structures can be evidenced from the 
SEM images shown in Fig. 5 obtained for the five biomass particles stud¬ 
ied. Those images have revealed the essentially non-porous structure of 
the biomass. 

The SEM image for the sugarcane bagasse, Fig. 5(a), shows elongated 
cylindrical fiber shapes. This characteristic was previously observed for 
the fibrous fraction of sugarcane of size particles of 1.00 mm that was 
milled in a cutting mill [28], The SEM images obtained from pine saw¬ 
dust, Fig. 5(b), and coffee husk, Fig. 5(c), show similar characteristics 
in their morphological surface structure and a structure with high sur¬ 
face disorder and also flat shaped elements. However, coffee husk has 
a more compacted and heterogeneous surface than pine sawdust. For 
Tucuma seed, Fig. 5(d), a variety of cavities in a longitudinal and a 
well-organized porous structure can be observed. Fig. 5(e) shows the 
morphological surface of rice husk, in which highly ordered fibrils can 



be observed [29,30], The SEM images have confirmed the very low po¬ 
rous nature and the different morphologies of those materials. Such in¬ 
formation provides subsidies to understand biomasses exhibiting 
different morphologies. 

Figs. 6 to 8 show thermogravimetric, derivative thermogravimetric 
and differential temperature curves, respectively, for all samples. 

For each sample, the thermal decomposition proceeded within three 
regions, which correspond to the main components of the biomass. 




Fig. 5. SEM micrograph of the five biomass samples (amplitude of lOOOx): (a) sugarcane bagasse (b) pine sawdust, (c) coffee husk, (d) Tucuma seed and (e) rice husk. 
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Fig. 8. DTA curves versus time (synthetic air atmosphere, heating rate of 10 °C min 1 , flow 
rate of 100 mL min -1 ). All DTA curves ranged from 0 to 240 pV. 


Step 1 is related to moisture content. Although all samples were 
dried prior to analyses, moisture is still present due to the hydrophilic 
nature of the biomass particles. The second step (from 120 °C up to 
445 °C, depending on the biomass) is related to cellulose and hemicel- 
lulose contents. The third step of degradation is the result of the lignin 
present in the biomass particles. Lignin decomposes at a longer time 
since it is resistant until 514 °C-550 °C, depending on the biomass 
type. Although the temperature decomposition slightly depends on 
the heating rate used, when temperatures higher than 550 °C are ap¬ 
plied, the total biomass decomposition is ensured, even in reactors. 

The temperature ranges for each degradation step are provided in 
Table 3 for all samples, and the results are consistent with those found 
in the literature related to the assessment of combustion [12] and pyrol¬ 
ysis [31] processes. 

Table 3 also includes the mass loss for each step and ash content ob¬ 
tained at the end of the TG experiment. It is noteworthy that the bum- 
out temperature corresponds to the final temperature of the third event. 
The TG results showed good reproducibility due to the low standard de¬ 
viation values obtained from the mass loss results. 

DTA curves show the enthalpic events for each step. For all samples, 
there is one endothermic peak associated with the moisture content 
and two exothermic peaks (the first is higher than the second for sugar¬ 
cane bagasse, Tucuma seed and rice husk). For pine sawdust and coffee 
husk, a different behavior is observed, i.e., the second exothermic peak 
is higher than the first, therefore, a correlation with DTG curves for 
these steps can be established. The two exothermic events correspond 
to the DTG peaks; as for sawdust and coffee husk samples, the intensity 
of the second peak is higher than the intensity of the first 

From DTA curves, the peak at around 300 °C can be related to the de¬ 
composition of cellulose and hemicellulose content in all samples. This 
step corresponds to an exothermic event and, according to Shen et al. 
[32] the second step (hemicellulose and cellulose decomposition) is re¬ 
lated to devolatilization, which enables the release of volatiles and char 
formation. Subsequently, char reacts with oxygen resulting in the com¬ 
bustion process. Although the formation of volatiles is an endothermic 
event, exothermicity predominates as a result of devolatilization and 
combustion. 

3.2. Hydrodynamic study 

Table 4 shows the properties of the biomass and sand particles used 
in the hydrodynamic experiments. The physical properties of the solid 
particles are mean Sauter diameter (d p ), particle density (p p ), bulk den¬ 
sity (Pbuik) of the loosely packed bed, and bulk voidage under minimum 
fluidization condition (i: mf ). These values represent the average of at 
least three replicates. The value of superficial gas velocity estimated 
under the minimum fluidization condition (U m f) for each material 
using Eq. (6) is also shown in Table 4. 

The rice husk particles showed the highest average diameter, which 
explains the high U m f value for this biomass (Table 4). Comparing the 
pair of samples sugarcane bagasse/Tucuma seed and pine sawdust/ 
coffee husk, as each pair has an equivalent average diameter, the influ¬ 
ence of the bulk voidage on the minimum fluidization velocity can be 
noticed. Results show that a higher value of Emf results in a higher Umf 
value, predicted from Eq. (6). This fact can be explained by the higher 
interstitial volume among particles in a bed of higher bulk voidage, 
which enables the gas to flow through the bed easily. Therefore, the par¬ 
ticles are suspended by the gas only at higher velocities. 

The hydrodynamic curves {AP bed versus U) of typical tests involving 
a bed composed of 5% of biomass (weight fraction) and sand are shown 
in Fig. 9 for each binary mixture studied. The lowest bulk density of the 
rice husk-sand mixture resulted in a small quantity of material in the 
bed, whose height was fixed at 0.10 m. This fact explains the low 
value of bed pressure drop when this biomass is present. 

Higher hysteresis, characterized by the difference between the up 
flow and the down flow results (indicated by arrows in Fig. 9) was 
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Table 3 

Temperature range and percent mass loss observed at each step of thermal degradation for all biomasses. 


Pine sawdust 


Coffee husk 


Tucuma seed 


Rice husk 


Degradation Temperature Peak temperature (°C) Mass loss 

steps(T)(%) 


25-105 

200-375 326 

375-550 442 

>550 
25-105 

170-380 331 

380-520 456 

>520 
25-105 

150-445 302 

445-520 439 

>520 
25-105 

120-380 297 

380-530 456 

>530 
25-105 

200-337 329 

375-514 472 

>514 


6.4 ± 0.2 

67.7 ± 1.4 

20.9 ± 0.7 
4.8 ± 1.9 

7.2 ± 0.1 

61.8 ± 0.2 

29.6 ± 0.0 

1.2 ± 0.0 

8.2 ± 03 

73.7 ± 3.6 
10.0 ± 1.1 

8.3 ± 2.8 

5.3 ± 03 

60.7 ± 0.7 

28.9 ± 0.6 
53 ± 0.4 
7.1 ± 0.4 

533 ± 13 
27.6 ± 03 
11.2 ± 2.4 


Table 4 

Properties of the solid particles: biomass and sand particles. 

Solid particles d p x 10 6 p p Pbuik £mr 

(m) (kg m -3 ) (kg m~ 3 ) (-) 


Sugarcane bagasse 
Pine sawdust 
Coffee husk 
Tucuma seed 
Rice husk 
Sand 


242 ±5 
529 ± 21 
570 ± 10 
256 ± 8 
1590 ± 50 
293 ± 7 


953 ± 97 
1366 ± 142 
1361 ± 55 
1195 ± 155 
1089 ± 90 
2622 ±16 


114 ±2 
137 ±2 
470 ±7 
516 ± 4 
114 ±3 
1517 ±25 


0.88 ± 0.01 
0.90 ± 0.01 
0.66 ± 0.01 
0.57 ± 0.06 
0.90 ± 0.01 
0.42 ± 0.01 


Umf 

[Eq.(6)] 
(ms ') 


0.582 ± 0.055 
1.423 ± 0.100 
0.675 ± 0.038 
0.111 ± 0.050 
2325 ± 0.122 
0.098 ± 0.009 


verified for sugarcane particles. This behavior could be attributed to the 
high concentration of fine particles and non-uniformity shape of this 
biomass sample, which indicates that the particles are reorganized in 
the fluidization process. Due to these characteristics of the bagasse, 
more control on the fluidization process is required in relation to 
other biomass materials studied. Bagasse exhibited a higher tendency 
of segregation, i.e„ there was more accumulation of biomass at the 
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Fig. 9. Hydrodynamic curves for the five binary mixtures (5% weight fraction of biomass in 
the bed): (a) sugarcane bagasse; (b) pine sawdust; (c) coffee husk; (d) Tucuma seed and 
(e) rice husk. 


upper region of the bed while the sand was deposited at the bottom 
of the column. 

The properties of the binary mixtures studied and the experimental 
minimum fluidization velocity (IW.mix) are shown in Table 5. The min¬ 
imum fluidization velocities were obtained from the intersection of the 
pressure drop line of the fixed bed with that of the initial fluidization 
state. The U mfmix predicted values from Eq. (8) are also provided in 
Table 5. 

Small differences were observed among the binary mixtures studied 
regarding average particle size and density of the bed containing 5% of 
biomass (weight fraction), as the sand material is the main component 
inside the bed. However, U m f experimental values (Table 5) varied from 
0.076 m s -1 (tucuma seed-sand mixture) to 0.129 (rice husk-sand 
mixture), showing that the minimum fluidization velocity of the binary 
mixture depends on the biomass properties. These results show that 
even a small quantity of biomass leads to a strong influence on the 
bed hydrodynamics. The U mf experimental results for pine sawdust- 
sand, coffee husk-sand and rice husk-sand mixtures were similar 
(0.126 to 0.129 m s -1 ), which suggests that there is a compensation 
of particle diameter, density and voidage influences on particle-particle 
and particle-gas interactions. 

The bulk density of the binary mixture, shown in Table 5, explains 
the different weights of the bed materials inside the system depending 
on the biomass type, as the bed height was fixed at 0.10 m. A higher bulk 
density implies a heavier bed, hence a weight and a higher pressure 
drop at a fluidized bed regime (Fig. 9). 

Theoretical values of minimum fluidization velocity (U m f, m ix) ob¬ 
tained through Eq. (8) revealed deviations from 1 to 63% related to ex¬ 
perimental values, showing that this equation must be cautiously used 
to predict U m f values for biomass-sand mixtures. The highest deviation 
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Table 5 

Properties of the biomass-sand mixture (5% weight fraction of biomass). 



Sugarcane bagasse 
Pine sawdust 
Coffee husk 
Tucuma seed 


d PMt>l x 10 s 
(m) 

|Eq-(3)1 


290 ±7 
300 ± 7 
300 ± 7 

291 ± 7 
305 ± 8 


(k^i- 3 ) 

[Eq-(4)1 


2539 ± 23 
2559 ± 21 
2559 ± 20 
2551 ± 22 
2545 ± 22 


1165 ± 20 
1175 ± 18 
1445 ± 15 
1586 ± 15 
992 ± 22 


Experimental 


Omf.mix 

(m s^ 1 ) 


0.085 ± 0.006 
0.128 ± 0.007 
0.126 ± 0.010 
0.076 ± 0.001 
0.129 ± 0.009 


Umf,™* 

(m'C) 

[Eq.(8)] 

0.122 ± 0.010 
0.165 ± 0.017 
0.127 ± 0.010 
0.099 ± 0.009 
0.210 ± 0.026 


between experimental and predicted U mf values was obtained for rice 
husk and the lowest for Tucuma seed, which suggests that small devia¬ 
tions occur when the biomass and the inert material show similar U m f. 

3.3. Effect of the physical properties of the biomass particles on their 
hydrodynamic behavior 

Experimental results, shown in Fig. 9, indicate that the binary mix¬ 
ture with Tucuma seed and sugarcane bagasse reached the regime of 
bubbling fluidized bed at a lower gas velocity than the regimes obtained 
for the mixtures with other biomass samples. 

A lower minimum fluidization velocity represents an advantage re¬ 
garding energy consumption by blowers or compressors used in fluid¬ 
ized beds. The particle size influenced this result, as Tucuma seed and 
sugarcane bagasse showed a lower Sauter diameter mean value than 
the other biomass particles. 

The bed pressure drop is an important prediction in the design of flu¬ 
idized bed systems, as it is related to the energy required by the air injec¬ 
tion equipment For a fixed bed height, a binary mixture with a lower bulk 
density supports a lower bed weight as showed by the rice husk-sand 
mixture. Therefore, both individual biomass particle and binary mixture 
properties must be observed for a good fluidized bed reactor design. 

3.4. Assessment of the morphological and thermal characteristics of the bio¬ 
mass samples 

No obvious correlation between the thermal behavior of the samples 
and their physical structure (S B et, Dbjh • d s . V B jh • d s and Qa) has been 
observed, but a trend could be established with their morphological 
structure. SEM images of coffee husk and pine sawdust exhibited a 
more disordered structure than the other samples, as previously de¬ 
scribed. For these samples, in both DTA and DTG curves, the second 
peak is higher than the first (Figs. 7 and 8). As aforementioned, the first 
peak, in both DTA and DTG curves, is related to the hemicellulose and cel¬ 
lulose decomposition, and the second to lignin. In samples in which the 
second peak is more intense than the first, this may be a consequence 
of the lignin more loosely attached in the lignocellulosic structure. Possi¬ 
bly, the disorder observed in the coffee husk and pine sawdust makes 
their structures more fragile, causing more accessibility of the oxygen 
into the internal sites and resulting in a very good combustion reaction. 

Due to the lignocellulosic nature of the biomass, it is possible to 
predict that inside a fluidized bed combustion chamber, besides hydro- 
dynamic behavior, the thermal properties strongly affect the system re¬ 
garding combustion kinetics, emissions, entrainment, and particles 
agglomeration. 

4. Conclusions 

The evaluation of the thermal properties of the biomass samples by 
TG/DTG and DTA complemented by their morphological structure 
evaluated through MEV has shown several differences among the 
studied biomasses and these characteristics may affect combustion 
processes. 


Different thermal behaviors should be taken into account in the pre¬ 
diction of the hydrodynamic behavior by using different biomass mate¬ 
rials as fuels in fluidization processes under high temperature (> 500 °C) 
and atmospheric air condition. 

Heat release in function of the different lignocellulosic structures 
could cause different temperature and gas velocity variations inside 
the bed, which could affect the fluidization regime in a fluidized bed 
combustor. 

Our results have shown that the predicted values of minimum fluid¬ 
ization velocity (Umtmix) obtained through Eq. (8) have revealed devia¬ 
tions from 1 to 63% related to experimental values. Therefore, such an 
equation must be cautiously used to predict Umf values for biomass- 
sand mixtures. 

Finally, the physical-chemical properties of the fuel constitute the 
basis of the choice of a particular technology for the combustion process. 
Appropriate methods are important for the characterization of these 
alternative fuels whose features are quite different from those of 
traditional fuels. Regarding the use of biomass materials, the values 
widely vary and can result in an extent of concerns including economic, 
environmental and technical aspects. 

Notation 

Ar Archimedes number 

dp average particle diameter, m 

g gravitational acceleration, ms -2 

M mass, kg 

U superficial velocity, ms -1 

x weight fraction 


Greek letters 
£ bulk voidage 

p gas dynamic viscosity, kg m -1 s -1 

p gas density, kg m -3 

Pbuik bulk density of the loosely packed bed, kg m" 
p p particle density, kg m -3 


Subscripts 

B biomass particles 

S sand particles 

mf minimum fluidization 

mix binary mixture 
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